Research on China's coal consumption addresses global concerns related to clean energy, sustainable communities, and climate action, among others (i.e., Targets 7, 11, and 13 in the new United Nations Sustainable Development Goals). Most existing literature has focused on industrial coal rather than residential coal consumption. This study analyzed the Chinese urban-rural residential coal consumption disparity during 2000-2015 by the expanded calculating approach of the Gini coefficient combined with the Log Mean Divisia Index (LMDI). Analysis of the urban-rural residential coal consumption disparity and its elasticity to LMDI decomposition effects have not been undertaken in other literature. The empirical results demonstrated that the increased disparity during the study period mainly resulted from the increased ratio of rural to urban coal consumption per capita.
Introduction
Coal is the most common source of energy in China (Jafari et al., 2017) , accounting for 64% of its energy consumption in 2015, according to the China Statistical Yearbook (2016) . However, since coal is a type of non-renewable natural resource, its supply could be exhausted, while it also emits various pollutants, such as sulfur dioxide, mercury, and coal bottom ash (Mukherjee et al., 2008; Singh and Siddique, 2013) . In fact, China's environmental pollution-especially severe air pollution in winter mainly caused by coal burning-has garnered extensive attention in recent years Yang and Teng, 2016) . As part of the sustainable management of natural resources to serve sustainable development goals, policies for managing coal resources and constraining its consumption have been actively promoted by the Chinese government, especially in the 11 th (2006) (2007) (2008) (2009) (2010) and 12 th (2011) (2012) (2013) (2014) (2015) Five-year Plans. Moreover, cutting coal consumption in China contributes to the realization of global sustainable development goals (e.g., with
Targets 11.6.2 and 13.2 in the new United Nations Sustainable Development Goals).
In academia, China's coal consumption pattern has attracted worldwide attention (Bhattacharya et al., 2015; Zhang et al., 2016) , as it is the world's largest developing country. However, extant literature has focused more on aggregate or industrial coal consumption (Song et al., 2016; Li and Hu, 2017) , and less on residential coal consumption. The China Energy Statistical Yearbook (2016) revealed that the residential sector was the second-largest coal consumer during 2000-2015, behind only the industrial sector. In addition, research on residential coal consumption is beneficial for the sustainable management of natural resources toward sustainable development goals. Such research would help to decouple the human lives' improvement from resource depletion and environmental degradation.
According to the China Energy Statistical Yearbook (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , the total residential coal consumption in China has been fluctuating in recent years. While coal consumption was 61.45 million tons of coal equivalent (TCE) in 2000, it declined to 69.69 million in 2015, after reaching a peak in 2005 of 80.44 million tons of coal equivalent. However, an analysis of the dual structure in the Chinese urban and rural economies presents a different version of China's residential coal consumption. Urban residential coal consumption has declined significantly since 2004, while rural residential coal consumption followed a fluctuating, but increasing, trend between 2000 and 2015. Furthermore, a significant disparity in China's urban-rural coal consumption was observed. Moreover, since residential coal-fired equipment, mainly in rural areas, was still simple and crude, pollutant emissions due to inefficient combustion of bulk coal not only caused a significant deterioration in local air quality (Geng et al., 2012) but also became one of the most important causes of haze pollution in cities. Therefore, research on China's residential coal consumption should not neglect the consumption disparity between urban and rural regions-this area of analysis has often been neglected by academia.
Residential energy consumption has been part of energy research (Du et al., 2017; Nilsson et al., 2017; Son and Kim, 2017) , and many research works have studied the problems of China's residential energy consumption. While analyzing user behavior among rural residents, Zhang et al. (2014) showed that nearly 40% of rural residents still used bioenergy (crop straws and firewood) for indoor heating and cooking, and bioenergy consumption declined modestly with income growth, increased time required for biomass collection, and less farmland. Similarly, Zhou and Teng (2013) showed that electricity consumption of urban residents in Sichuan Province was both price-and income-inelastic, while the number of home appliances was an important factor affecting household electricity consumption. Given the recent trends in China's urbanization, Sun and Ouyang (2016) explored the "lock-in effect" of household energy consumption patterns from the perspective of price and income elasticities during the process of urbanization, and noted that a rational energy price mechanism was important to ensure sustainable development during the process of urbanization in China. In addition, indirect household energy consumption and its resultant indirect carbon dioxide emissions have been included in some research studies. For example, Dai et al. (2012) used the Working-Leser model to predict how China's residential energy consumption mode could affect direct and indirect residential energy demand and corresponding carbon dioxide emissions in the future.
Although a few research works have studied only China's residential coal consumption patterns, existing literature more or less is related to the analysis of residential coal consumption and shows that there is a large urban-rural disparity in residential coal consumption. For example, based on the research of 26 of China's provinces, including 1,450 urban and rural residential samples, Zheng et al. (2014) noted a relatively large disparity between the patterns of urban and rural residential coal consumption, as urban residents seldom used coal while rural residents' coal consumption ratio was 5.65%. Zhao et al. (2012a) analyzed residential energy consumption in the western region of the Loess Plateau in China and showed that direct coal consumption of residents in capital cities, medium-sized cities, counties, and rural areas was 39.8 kg, 57.4 kg, 183.7 kg, and 851.5 kg of standard coal, respectively.
Furthermore, in terms of coal consumption, some literature has confirmed the "energy ladder" theory (Hosier and Dowd, 1987; Van Ruijven et al., 2008) . The energy ladder is a concept used to describe the transition of households from traditional energy sources to more sophisticated fuels following their improved economic status. As pointed by Hosier and Dowd (1987) , the underlying assumption of the energy ladder within the energy systems of developing countries is that households are faced with an array of energy supply choices which can be arranged in order of increasing technological sophistication. At the top of the list is electricity, while the lower end of the range includes fuel wood, dung, and crop wastes. As a household's economic well-being increases, it is assumed to move "up" the energy ladder to more sophisticated energy carriers. If the economic status declines, through either a decrease in income or an increase in fuel prices, the household is expected to move "down" the energy ladder to less sophisticated energy carriers. Thus, the energy ladder serves as a stylized extension of the economic theory of the consumer: as income rises (or falls), households consume not only more (or less) of the same goods, but they also shift to consuming higher (or lower) quality goods (Hosier and Dowd, 1987, pp.347-348) . Cai and Jiang (2008) pointed out that the energy carriers chosen by residents in Xi'an changed from low-quality bioenergy to high-quality commercial energy with urbanization and the consequent increase in income levels. The poorest villages and richest capital cities hardly consumed coal; consumption was concentrated among residents in medium-sized cities and counties. In addition, based on the energy ladder hypothesis, Niu et al. (2012) found that the characteristics of the ladder were obvious. The authors found that 94.1% of rural household samples in western China still showed a tendency to use coal stoves for indoor heating in winter, while urban residents scarcely used coal.
Furthermore, as rural residents consume more coal, some literature has focused on rural residential coal consumption. Zhang and Kotani (2012) found that coal consumption per capita in rural areas (Beijing suburbs) had reduced substantially, while increases in per capita income and access to renewable energy technologies reduced residential coal consumption. However, based on a survey of Zibo City in Shandong Province, Liang et al. (2013) showed that the share of non-renewable energy sources (mainly coal) in rural residential consumption had increased from 15.7% in 1980 to 87.7% in 2009. Clearly, difference in sample selection would result in different coal consumption trends among rural residents.
The Gini coefficient is the common index to measure income inequality (Sen, 1997; Lin et al., 2008) , and some scholars have applied it to study the disparity in energy consumption (Fernandez et al., 2005; Papathanasopoulou and Jackson, 2009; Sun et al., 2010) . With regard to the use of research tools for analyzing energy consumption variation, index decomposition analysis is a common tool (e.g., Fan et al., 2013) in addition to the regression of econometric models (e.g. Auffhammer and Wolfram, 2014) . Due to its applicability to theoretical bases, simple operability, interpretability of results, and other desirable characteristics, the Log Mean Divisia Index (LMDI) is a preferred method to decompose factors (Ang, 2004 (Ang, , 2015 . For example, Achão and Schaeffer (2009) applied the LMDI method to analyze Brazilian residential electric consumption in terms of activity, intensity, and structure effects. Similarly, Nie and Kemp (2014) decomposed not only the regular population and structure effect but also the floor space and appliance effect. In an attempt to bridge this gap in the literature, this study analyzes the disparity in China's urban-rural coal consumption patterns with an expanded calculating approach of the urban-rural Gini coefficient and a comprehensive LMDI method.
Furthermore, previous literature did not analyze the urban-rural residential coal consumption disparity and its elasticity to LMDI decomposition effects. Moreover, our results present the underlying reasons for the widening of this disparity in urban-rural residential coal consumption and support the energy ladder theory.
The rest of the paper is organized as follows. In Section 2, we describe the empirical methods and data. Section 3 presents the empirical results. Finally, Section 4 concludes and offers policy implications.
Material and methods

Urban-rural residential coal consumption Gini coefficient
Based on the calculation principles of the Lorenz curve and Gini coefficient, this study expands the calculation approach of the urban-rural Gini coefficient by replacing the urban and rural aggregate residential coal consumption ( u E and r E ) with the ratio of rural-to-urban per capita coal consumption ( e ). This further simplifies the analysis of the factors influencing the disparity in urban-rural residential coal consumption. Specifically, in an urban-rural dualistic society (during the years of this study's sample, the proportion of rural residential coal consumption was always greater than that of urban residents), the Gini coefficient of urban-rural residential coal consumption ( ur G ) can be expressed as
For further details, refer to the specified derivation in Appendix A. Evidently, the urban-rural coal consumption Gini coefficient was determined jointly by u PP and e , and their impacts on urban-rural residential coal consumption disparity were as follows: Overall, when u PP and e vary together, the variation trends of the urban-rural Gini coefficient are shown in Fig. 1 .
Fig. 1.
Variation trends of urban-rural residential coal consumption Gini coefficient. To further measure the impact of u PP and e on urban-rural disparity, the ratio of elasticity R is calculated as follows:
For further details, refer to the specified derivation in Appendix B. 
 
represents the contribution of consumption variation to the Gini coefficient increment, and can be expressed as the contribution of the variation in the ratio of rural-to-urban per capita coal consumption ( t e  ). ) variation to the Gini coefficient increment.
LMDI method for urban and rural residential coal consumption
The LMDI method can be applied to quantify the contribution of relevant influencing factors to the variation of total quantity and to identify the underlying cause of the increase in urban-rural residential coal consumption disparity. As LMDI can be decomposed in many ways and since residential coal consumption increases with population and income growth and decreases with coal proportion and energy intensity decline, this study decomposes urban and rural residential coal consumption into coal proportion, energy intensity, income, and population effects. When considering the LMDI method for residential energy consumption, Zha et al. (2010) , and Zhang and Guo (2013) considered similar decomposition effects.
To specify the derivation, the urban or rural aggregate residential coal consumption in year t can be disaggregated into four parts as follows: Following Ang and Liu (2007) , the variation
residential coal consumption from base period 0 to reporting period t can be decomposed in the following form:
The formulas for computing the increments on the right side of the equations are as follows:
Decoupling index and elasticity analysis based on the LMDI method
For inducing a decrease in the carbon intensity of industrial production, Diakoulaki and Mandaraka (2007) showed that effort was a general term that refers to all actions that directly or indirectly contribute to a decrease, including measures for reducing industrial energy intensity, shifting towards less energy-intensive industrial activities, and switching to cleaner energy forms. Since an increase in industrial output would promote carbon dioxide emissions, Diakoulaki and Mandaraka (2007) defined a decoupling index as a portion of output effect that was offset by positive emission reduction effects, in order to measure the extent to which these effects decouple industrial development from carbon dioxide emissions.
Based on this definition of decoupling index and considering that both income and population can increase residential energy consumption and indirectly increase coal consumption further, this study defines decoupling index as the portion of income and population effects that are offset by positive coal consumption reduction effects, including coal proportion and energy intensity effects. The decoupling index described in this study is different from the definition given by Zhang and Guo (2013) , who classified the population effect as an effort to reduce residential energy consumption. For simplicity, the effects of income and population can be called the size effect, and the effects of coal proportion and energy intensity can be called the effort effect. It seems that the effort effect deserves more attention, as it is the key factor for finally deciding the amount of residential coal consumption, while the size effect is inevitable (e.g., population increase) and must sometimes be promoted (e.g., 12 income increase). Tseng et al. (2016) pointed out that achieving sustainable resource consumption requires consumption efficiency improvement and consumption pattern change.
Specifically, the urban-rural residential coal consumption-decoupling index is / t ur D as follows: Besides the decoupling index, we can analyze the relationship between LMDI factors and the disparity in urban-rural residential coal consumption based on the LMDI method. In this regard, based on formulas (1) and (6) 
13 Furthermore, with reference to elasticity analysis, based on the LMDI effects of Lu et al. (2015) , formulas (11)-(12) construct the elasticity index of the Gini coefficient and LMDI effects, which possibly shows the reaction of the rate of variation in urban-rural residential coal consumption disparity to the rate of variation in coal proportion, energy intensity, per capita income, and population.
respectively.
Data
The research period of this study covers 2000 to 2015. The purpose of the study is to analyze the disparity in China's urban-rural residential coal consumption in recent years. As the China Energy Statistical Yearbook (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) lists urban and rural residential energy (including coal) consumption separately, it is convenient to use these data directly for our research. Some studies in the literature (e.g., Fan et al., 2013; Wang and Yang, 2014) have used these sources to collect data for their research.
The related energy data, income, income index, and population are listed in Table 1 . 
Results
Analysis of urban-rural residential coal consumption Gini coefficient
As shown in Fig. 2 , China's urban and rural per capita residential coal consumption have grown in opposite directions in recent years, with urban residents consuming less coal and rural residents using more 3 . At the same time, the 3 As shown in Fig. 2 , there is a turning point in the rural per capita residential coal consumption in 2009, caused by the maximum increase of total rural residential coal consumption in the same year. Moreover, as shown in Table  5 , the LMDI results for rural areas demonstrate that the maximum increase of rural residential coal consumption in 2009 was mainly caused by the positive coal proportion effect. In other words, rural residential coal proportion has been decreasing year by year, except in 2009. Hence, rural residential coal consumption increased in 2009, which then led to a turning point in 2009. urban-rural residential coal consumption Gini coefficient has increased, rising from less than 0.1 in 2000 to 0.208 in 2009 and to 0.42 in 2015 (see Table 2 ). Clearly, the current urban-rural disparity should not be ignored. Lower coal usage by urban residents deserves to be encouraged and promoted, but the continued increase in coal consumption of rural residents has to be addressed by the concerned government departments and institutions. Moreover, in order to achieve Target 7 in the new United Nations Sustainable Development Goals to "ensure access to affordable, reliable, sustainable, and modern energy for all" by 2030, the residential coal consumption disparity between urban and rural areas must be investigated.
Fig. 2.
Urban and rural per capita residential coal consumption and Gini coefficient. According to Table 2, . Meanwhile, with the increase in the ratio of rural-to-urban per capita coal consumption, the Gini coefficient moved towards the right side of the surface in Fig. 1 , and the urban-rural residential coal consumption disparity will likely grow within a short time as the real u PP was still lower than the max u PP . However, as the existing literature has not revealed the reasons for the increase in the urban-rural residential coal consumption disparity and its variation trends, this analysis and conclusions could help fill this gap.
Furthermore, based on formula (5), Table 3 lists the contributions of the ratio of rural-to-urban per capita coal consumption and the urbanization rate. From the contribution rate, it is found that However, the former declined and the latter increased. Broadly, although the impact of the ratio of rural-to-urban per capita coal consumption has declined, it is the key reason for the widening of the urban-rural residential coal consumption disparity in most years.
Table 3
Incremental decomposition of urban-rural residential coal consumption Gini coefficient. In summary, even though some studies showed a large urban-rural disparity in China's residential energy consumption (e.g., Niu et al., 2012; Zheng et al., 2014) , there is little research devoted exclusively to the growing urban-rural disparity in residential coal consumption. Based on the expanded calculation approach of the urban-rural Gini coefficient, which merges u E and r E into a simple e , the abovementioned analysis not only measures the urban-rural disparity in residential coal consumption but also presents its variation trend and incremental decomposition.
The following analysis in Subsections 3.2 and 3.3 uses the LMDI method and combines it with the Gini coefficient to discuss the underlying factors influencing the disparity in urban-rural residential coal consumption. 19
LMDI decomposition analysis for urban-rural residential coal consumption
Section 2 shows that urban and rural residential coal consumption can be decomposed into coal proportion, energy intensity, income, and population effects. Figs. 3-6 show the variation trends of the four effects by urban and rural characteristics.
Fig. 3.
Urban and rural residential coal proportion.
Fig. 4.
Urban and rural residential energy intensity. 20
Fig. 5.
Urban and rural per capita residential income. Complete decomposition of urban residential coal consumption change (unit: 10,000 tce).
Year Table 5 Complete decomposition of rural residential coal consumption change (unit: 10,000 tce).
Year million tce for urban and rural residential coal consumption, respectively, following a decrease in both urban and rural coal proportion, as shown in Fig. 3 . In addition, due to a greater decreasing margin, the rural coal proportion effect was larger than the urban coal proportion effect, as shown in Fig. 3 . Table   6 . Table 6 Decoupling index between effort effect and size effect in urban and rural areas.
Year 2000-2015 -3726.80 -2301.89 2644.20 4208.48 1.41 Strong 0.55 Weak Note: "Strong" denotes "strong decoupling"; "Weak" denotes "weak decoupling";
and "No" denotes "no decoupling."
During 2000 to 2015, size effects were positive and effort effects were negative for urban areas. Therefore, the growth in urban population and income per capita Thus, we conclude that the pressure of increased coal consumption by rural residents was not lower than that of urban residents, despite rural depopulation.
Moreover, measures to reduce rural residential coal consumption were effective only to some degree, and thus, need to be strengthened in the future.
Moreover, LMDI decomposition effects, such as coal proportion, energy intensity, income, and population effects, can be used to determine the urban-rural residential coal consumption Gini coefficient, according to formula (10). Based on formulas (11)-(12), the elasticities of the urban-rural Gini coefficient to each LMDI effect are presented in Table 7 . As shown in Table 7 , using 2000 as a baseline, the elasticities of the Gini coefficient to urban coal proportion and rural income were −0.34 and 0.99 in 2015, respectively, indicating that the widening of urban-rural disparity was not sensitive to both effects, which were the main reasons for the variation in urban and rural residential coal consumption. By contrast, the increase of urban-rural disparity was mostly sensitive to rural energy intensity and rural population, whose elasticities were 4.54 and −3.87, respectively, both much greater than 1. It is demonstrated that the 27 decline in rural energy intensity and rapid urbanization in the future would help to narrow the gap between urban and rural coal consumption.
Based on the internal relationships between the urban-rural residential coal consumption Gini coefficient and LMDI decomposition effects, this subsection combines the LMDI and Gini coefficient by analyzing the elasticity between them, which is a novel contribution to existing literature.
Conclusions and policy implications
Conclusions
Coal combustion is a major source of air pollution and carbon dioxide emissions, and the residential sector, in which an apparent urban-rural coal consumption disparity exists, has always been the second-largest source of coal consumption in
China. This study uses an expanded approach by combining the calculation of the Gini coefficient with a comprehensive LMDI decomposition method to analyze the urban-rural residential coal consumption disparity in recent years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . By introducing the ratio of rural to urban per capita residential coal consumption and combining it with the urbanization rate, this study simplifies the analysis of urban and rural residential coal consumption and reveals their variation trend, which has not been attempted in prior literature. Moreover, since urban and rural residential coal consumption could be decomposed into coal proportion, energy intensity, income, and population effects, which affect the urban-rural residential coal consumption Gini coefficient indirectly, this study analyzes the elasticity of the Gini coefficient to the abovementioned four LMDI decomposition effects as a novel attempt to combine the Gini coefficient and LMDI method.
Based on the empirical analysis, this study not only shows that the urban-rural residential coal consumption Gini coefficient reached nearly 0.42 in 2015 but also reveals that the rural-to-urban per capita coal consumption ratio is the key reason for this rise. Moreover, with complete LMDI decomposition, this study shows that the urban coal proportion effect was the main reason for the decline in urban residential coal consumption, while the rural income effect dominated the growth of rural residential coal consumption from 2000 to 2015. Finally, according to the decoupling index and elasticity analysis based on LMDI decomposition effects, it is found that urban and rural residential coal consumption show strong and weak decoupling, respectively, and the variation of the urban-rural gap is more sensitive to changes in rural energy intensity and population.
Furthermore, the conclusions of this study support the energy ladder theory, indicating that, with economic growth, people tend to use cleaner and energy-efficient fuels. Coal, as a type of commercial energy, ranks second in the residential energy ladder, with traditional bioenergy at the bottom and the most advanced energy source at the top. With economic development, people tend to replace traditional bioenergy with coal at the first stage (in rural), and to substitute coal for more advanced energy at the second stage (in urban). According to the LMDI results, the income effect plays the leading role in the first stage, while the proportion effect dominates the second stage. In addition, we conclude that, with residential income growth, residential coal consumption first increases and then decreases, crossing a turning point.
Finally, considering the management of natural resources, we conclude that rural regions are primary locations for coal consumption management, along with the realization of sustainable development goal. There are two strategies to achieve this goal. The first is to consistently reduce residential coal consumption proportion and energy intensity, as per the LMDI results. The second is to raise the per capita income of rural residents to a certain extent, as per the energy ladder theory, since a higher residential income would lead to the consumption of cleaner energy resources.
Policy implications
Based on our conclusions as well as the targets of clean energy, sustainable communities, and climate action, this study offers the following policy implications.
First, China should continue to reduce urban residential coal consumption by specifying the use and users of coal consumption in urban areas. Although residential coal consumption in urban areas has been declining in recent years, there is scope for further reduction from 9.85 million tce in 2015. Specifying the use and users of coal consumption would help to reduce urban residential coal consumption. The concerned 29 government departments and institutions should organize related research to specify the characteristics of urban residents who continue to use coal as a household fuel, such as geographic location, living conditions, and income levels. Additional appropriate measures should be implemented to encourage urban residents to use cleaner energy sources and to reduce the coal proportion.
Second, China should undertake many comprehensive actions to control and cut residential coal consumption in rural areas. In the long run, consistently developing the rural economy and increasing rural income is an effective way to reduce rural residential coal consumption according to the energy ladder theory. In the short and medium terms, strengthening government guidance is essential to encourage rural residents to replace coal with cleaner energy. Further concrete policy intervention options for rural residents are elaborated as follows: 1) providing fiscal support for income or price subsidies for cleaner energy; 2) strengthening the investment and management of the rural power network, and controlling electricity costs for basic rural living; 3) guiding rural centralized residence, and improving rural energy infrastructure, such as natural gas pipelines, and central heating facilities; and 4) employing locally selected policies to promote the use of renewable energies, such as wind power and new bioenergy.
Finally, China should promote new patterns of urbanization with low carbonization. Urbanization will encourage more rural residents to migrate to urban areas, which would create greater pressure on the energy supply system in urban areas.
Providing clean and efficient energy for urbanization development is essential for a new pattern urbanization with low carbonization. The Chinese government should vigorously develop new energy sources, and increase the proportion of clean and efficiency energy in residential terminal energy consumption.
In addition, the management of natural resources for sustainable development goals has been equally important for the BRICS group, comprising Brazil, Russia, India, China, and South Africa. China, as one of the important BRICS members, shares some commonalities with the other members, but also has its own particularities. Future research could analyze consumption trends in Brazil, Russia, India, and South Africa. For example, India, which ranks as the world's sixth largest energy consumer with the fourth largest coal reserves (Pandey et al., 2011) , has faced increasing energy consumption needs along with its economic growth. Further research could focus on these issues.
